Abstract: Photovoltaic elds induced in x-cut Fe-doped lithium niobate (Fe:LiNbO ) were used to achieve optically induced defect formation and light valving in a vertically aligned nematic liquid crystal. Initially, the optical axis of the LC was vertically aligned (along the surface-normal of the planar, photovoltaic substrates) throughout the whole sample. Samples were exposed with a focused continuous wave laser beam and investigated via microscopic imaging in-between crossed polarizers. The optical axis of the planar, x-cut Fe:LiNbO substrates was in the substrate plane and oriented parallel to one of the polarizers, which resulted in an initially dark state. Optically induced surface elds (with high in-plane components) generated within the substrates led to director reorientations and defect formation. Accordingly, the samples were locally switched into a transmissive state. The area a ected by exposure was larger (300 µm) than the FWHM of the Gaussian exposure beam (14 µm). Switching from dark to bright states (light valving) could be achieved in the investigated samples much more e ciently than in previously investigated samples with z-cut Fe:LiNbO -substrates. Realignments of the LC director were induced at lower optical power density (140 mW/cm ) than would be required to excite the intrinsically present nonlinear optical responses in a nematic LC such as the light induced Fredericks transition.
Introduction
Localized and patterned exposure of Fe:LiNbO substrates has been investigated, particularly, for optoelectronic tweezers for manipulation of dielectric particles (Arregui et al., 2015; Cándido Arregui et al., 2014; Carrascosa, García-Cabañes, Jubera, Ramiro, & Agulló-López, 2015; Carrascosa et al., 2015; Esseling et al., 2013; García-Cabañes et al., 2018; Gazzetto et al., 2016; Villarroel et al., 2011) and uid substances (Fan et al., 2017; Habibpourmoghadam, Jiao, Reshetnyak, Evans, & Lorenz, 2017) . Due to their high birefringence and large electrooptic responses, liquid crystals (LCs) are highly sensitive for surface elds induced in Fe:LiNbO . Localized defect creation (Habibpourmoghadam, Lucchetti, et al., 2017; Habibpourmoghadam, Jiao, et al., 2017) , lensing (Habibpourmoghadam, Jiao, et al., 2017) , defect-free director realignments Lucchetti et al., 2017; Lucchetti, Kushnir, Ciciulla, et al., 2016; , and erasable pattern formation (Habibpourmoghadam, Lucchetti, et al., 2017) have been reported, recently. Field induced realignments of the local optical axis (director realignment) in LC samples is easily detected via imaging or via the modulation of probe beams. However, LiNbO also is a birefringent material and the combination of a crystalline and a liquid crystalline birefringent optical media in a hybridized sample can be challenging. In previous studies Habibpour-moghadam, Lucchetti, et al., 2017; Habibpourmoghadam, Jiao, et al., 2017; Lucchetti et al., 2017; Lucchetti, Kushnir, Ciciulla, et al., 2016; , z-cut Fe:LiNbO substrates were used very eciently to achieve LC realignments, and the generated electric eld distribution was investigated in detail. There, the substrate's optical axis was parallel to the substrate's layer normal, and the eld distribution of photovoltaic elds (bipolar elds) had axial symmetry (C∞). Such elds led to centro-symmetric LC reorientations (C∞) in vertically aligned LCs and hyperbolic defects with reduced (C ) rotational symmetry in samples where the LC initially had uniform orientation, perpendicular to the layer normal of the substrates, which reduced the symmetry of the LC realignment, eventually causing formation of line defects.
In the current work, samples were prepared with x-cut Fe:LiNbO substrates (polar axis in the substrate plane) and the LC had vertical alignment (the optical axis of the LC was aligned parallel to the layer normal of the substrates). Exposure with a focused continuous wave laser beam and imaging of the LC reorientation revealed formation of a defect pattern within the LC layer, where several line defects were induced. From the patterns, it could be deduced that the LC director locally was parallel to the electric elds. The LC reorientations expanded in an area much larger than the beam focus.
Photographs of x-cut Fe:LiNbO substrates were recorded in-between crossed polarization lters (Fig. 1a) . As seen in the gure, the substrate was dark, if the substrate's optical axis was parallel to one of these polarizers. As expected, the substrate appeared bright when rotated such as its optical axis was no more parallel to the polarization direction of the incident light, (Fig. 1b) . In ferroelectrics with high anomalous photovoltaic response, like Fe:LiNbO , exposure to light can generate high internal electric elds and also photovoltaic (near-surface) elds. These light induced elds are generated by a photoinduced charge carrier separation within the substrates, parallel to their polar, crystallographic c-axis. These elds are caused by optically induced drift of electrons (García-Cabañes et al., 2018; Lucchetti et al., 2017; Volk, 2010) . The resulting photovoltaic elds were calculated in both z-cut and x-cut substrates (Arregui et al., 2014) for patterned illumination and for exposure to a Gaussian laser beam. As shown in [ (Arregui et al., 2014) ], generation of fringe in-plane elds can be expected in x-cut substrates. These elds expand beyond the beam waist of the Gaussian exposure beam. A schematic of the generated eld distribution is shown in Fig. 2 . Here, the charge carrier separation is induced parallel to the substrate's polar caxis. The photovoltaic eld (near surface eld) can be described as dipolar eld. The FWHM (full width at half maximum) of the Gaussian exposure beam is indicated. The two poles of the light induced charge carrier separation were located beyond this dashed line and the photovoltaic eld was uniform (parallel eld vectors) in-between these poles. In the remaining area, the photovoltaic eld was non-homogenous (bend and fringe), as expected in dipolar elds. A non-trivial director pattern can be expected in the exposed test cells. From earlier works it has become clear that locally induced photovoltaic elds can lead to eld induced defect creation in a layer of a nematic LC covering a Fe:LiNbO substrate. As initial guess, a pair of locally induced topological charges with a defect strength of + + − = (topologically neutral director eld) was placed in an initially homeotropic director eld (Fig. 2b ) and the resulting director eld was composed. Since the elds were locally photo induced, homeotropic alignment of the LC had to be maintained in the surrounding area of the defect pair. As indicated in the gure, placing such a pair of topological charges in a homeotropic aligned sample led to the formation of additional topological charges. In the shown schematic, the sum of the defect strengths cannot be 0 -consequently, such a director pattern cannot be formed in a real sample. Therefore, one can expect a non-trivial director pattern in the exposed samples, where additional defects, point defects or line defects should appear. 
Experimental Methods
Fe:LiNbO substrates (x-cut, Fe-doping concentration 0.03 mol%, optical quality polished surfaces, 1 mm thickness, obtained from Deltronic Crystal Industries) were cleaned by sonication in a water-surfactant dispersion, followed by cleansing with acetone. Photographs of the test cells ( Fig. 1) were recorded by placing them on a cold light source equipped with crossed polarizers and using a smart phone camera. Two Mylar-lm spacers were placed on the rubbed Fe:LiNbO substrates and covered with indium tin oxide (ITO) coated cover glass, coated with lecithin as anchoring agent to provide vertical alignment of the LC. These samples were lled via capillary action by placing a droplet of the LC MLC-2087 (obtained from Merck KGaA) at the edge of the covering glass plates. The LC owed in the gap between the Fe:LiNbO substrates and ITO-glass. When the hybridized samples were completely lled, excess LC was removed (tissue or a disposable pipette). A cell gap d ≈ 30 µm was measured with a precision digital micrometer. MLC-2087 had positive dielectric anisotropy of ∆ϵ = 13.31 (Habibpourmoghadam, Jiao, et al., 2017 ) and a birefringence of ∆n = 0.076 (Habibpourmoghadam, Jiao, et al., 2017) .
The samples were exposed in a modi ed inverted optical polarized microscope equipped with CMOS digital camera (TheImagingSource, DFK MKU120-10x22) and a removable edgepass lter with a cut-on wavelength of 550 nm (Thorlabs FELH0550). A focused diode laser beam with a wavelength of 532 nm was coupled to the beam path of the microscope to expose the samples.
This setup has been used in previous studies and a detailed descriptions were published in (Habibpourmoghadam, Lucchetti, et al., 2017; Habibpourmoghadam, Jiao, et al., 2017) .
The focused diode laser beam was investigated in the sample plane with a beam pro ler (Spiricon SP620U) and a Gaussian intensity distribution with a full width at half maximum (FWHM) of 14.5 µm was seen.
Results
The samples initially (beam shutter closed) appeared dark (Fig. 3a) . Upon opening the beam shutter, LC realignments were induced and the samples locally switched to a transmissive state (Fig. 3b through d) . The transition from dark to a transmissive, bright state, was spatially more expanded than the beam focus and grew continuously until a steady state was reached after 10 s had passed. Birefringent stripes were seen in the bright pattern and it had low symmetry (no rotational symmetry). The pattern appeared split in two areas, one left of the exposure beam and one right of the exposure beam (Fig. 3b) . This split seems caused by the substrates polar axis. As indicated in (Fig. 3c) , the pattern -in rst approximation -could be described with a mirror axis in the sample plane, perpendicular to the substrates polar axis. However, more detailed studies (following section) revealed, this mirror axis was not present (also it can be helpful to describe the visual appearance of the pattern roughly). The observed patterns (Fig. 4) were studied in detail, in order to learn about the nature of the induced director realignment. The pattern shown in Fig. 4a can be divided in three sections. In each of these sections, birefringent stripes with di erent shapes were seen. The birefringent stripes in section 1 were bent. In section 2, they were parallel and in section 3, they were bent again but the pattern here was more expanded than in section 1. In section 1 and 2, three dark stripes were seen, respectively. In section 3, 5 dark stripes were seen. With the birefringence of MLC 2087, ∆n = 0.076, the layer thickness d = 30 µm, and a wavelength λ = 0.6 µm, one can estimate the maximum number of dark stripes: ∆n · d λ ≈ 3 to 4. Well-separated stripes appear if the director tilts continuously over a width of several µm. In the area far away from the exposure spot center, the director was vertically aligned. Near the exposure spot center, the director was aligned parallel to the local eld direction in the plane of the test cell. This half rotation of the director was seen in area 1. Here, 3 neighboring stripes were seen, which was indicative for one half twist. In area 3, 5 stripes were observed. Area 2 and 3 were separated by a line defect (Fig. 4b) : Here, the LC was vertical aligned. The director was also vertically aligned in the area far away from the exposure spot center. In area 3, the director undergoes two half twists in radial direction, as indicated (Fig. 4b) . In area 2, the director undergoes one half twist (three stripes). The director eld is best described by structure of two point defects, one with positive topological charge (marked with red colored circle and +) and one with negative topological charge (marked with blue colored circle and -). These 2 point defects were interconnected with a defect line (vertical director). The separation of the point defects was ≈ 100 µm. As in the composed pattern shown in Fig. 2b , most likely, these point defects were pinned at the two poles of the light induced charge carrier separation at the substrate surface and the local director had a tendency to follow the local eld direction. In previous studies (Habibpourmoghadam, Jiao, et al., 2017) , non-homogeneous elds led to defect formation selectively in samples, where the initial alignment of the LC and polar axis of the substrates were perpendicular. While a single umbilic defect and various line defects were created in these previous studies with z-cut substrates, exposure of x-cut substrates led to eld induced formation of a pair of point defects. The director pattern in the exposed samples is indicated in Fig. 4b . In contrast to the composed director pattern (Fig. 2b) , a narrow defect line occurred in the exposed sample (vertical director, separating areas 2 and 3 in Fig. 4a ) and the director pattern in area 3 corresponded to a second, broad line defect. Both line defects were pinned to the 2 point defects seen. As in the composed director pattern, the director was parallel to the local electric eld vector in-between these point defects. Moreover, the director also followed the direction of electric eld in both areas above the positive topological charge and below the negative topological charge. In the composed director pattern, the director distribution near the negative topological charge would be perpendicular to the electric elds, locally. Therefore, the observed pattern was more suited to minimize the overall elastic energy in the exposed sample than would have been possible in the composed director pattern. The evolution of the light induced pattern formation was investigated. A steady state was reached after 10 s exposure time. A rise time of 10 s is unusual for electrooptic responses in a nematic LC: The Fredericks transition can have rather slow response times -but typically in the condition of very weak addressing elds, selectively. Such weak addressing elds can only lead to slight director deformations. In the studied samples, distinct director deformations were seen. Accordingly, the observed response time of 10 s was a measure for the build-up time of the photo generated photovoltaic elds in the substrates rather than for the director deformations in the LC.
Images recorded during the rst second are shown in Fig. 5 . As seen in the gure, the shape of the pattern evolved very quickly and then grew continuously. Two birefringent stripes were seen after 0.2 s exposure time, 4 after 0.4 s in the right area of the pattern. If the laser shutter was closed, the LC relaxed back into the initial, vertically aligned director eld. The response of the LC was thus fully reversible. The relaxation times t o increased with increasing laser power (Fig. 6 ) from 5 to 20 seconds.
The power of the exposure beam was varied and a threshold exposure power of ≈ 0.36 mW was seen. The focused laser spot had a FWHM of 14.5 µm, which, for this exposure power, resulted an optical power density of ≈ 140 W/cm in the focal plane. The threshold behavior seen was most likely caused by the electro-optic response properties of the LC: In the initial state, the director was vertically aligned. The photo generated fringe elds locally (especially in the region in-between the two poles of the photo induced charge carrier separation) had large components in the sample plane (perpendicular to the initial LC director). This is a typical situation (electric eld perpendicular to the LC director) where the electro-optic re-alignment of an LC has a threshold electric eld (typically a threshold voltage of ≈ 1 V is observed in a LC test cell with a cell gap of 10 µm) in LC samples.
Optical nonlinearities occurring in neat, undoped, non-hybridized nematic LCs, the giant optical nonlinearity (GON) and the light induced Fredericks transition (LIFT), have been reviewed (Tabiryan, Zel'dovich, Sukhov, 1986) . In experiments addressing GON, a test cell with wellde ned director orientation was exposed with a focused laser beam at an angle of incidence α > (oblique incidence). If so, the LC director can be locally reoriented by the light eld and this e ect leads to large-enough deviations from the initial director alignment such that it can be experimentally observed at optical power densities I of ≈ 50 Wcm − . This threshold-free e ect is usually described
by an e ective constant of nonlinearity ϵ and varies the permittivity of the nonlinear optical medium by a contribution ϵ |E| . Considering the angle of incidence α, the cell gap of the LC test cell d, the average elastic constant of the LC K, and the dielectric anisotropy ϵ || − ϵ ⊥ = ∆ϵ of the LC, Tabiryan et al. (Tabiryan, Zel'dovich, Sukhov, 1986) derived the following expression for ϵ :
The deviation of the director alignment induced via GON can for example lead to self-focusing of a divergent beam in an LC layer at oblique incidence. In contrast to GON, the LIFT e ect is characterized by a threshold intensity. Light elds above threshold can lead to pronounced director reorientations. A light induced Fredericks transition can be excited at normal incidence with a laser beam of higher optical power. From the threshold electric eld E th of the Fredericks transition of a nematic LC:
(where K is the average elastic constant of the LC) the condition co ϵ |E| = I(with the speed of light c and the electric permittivity of the vacuum ϵ ), and suitable geometric considerations, Tabiryan et al. (Tabiryan, Zel'dovich, Sukhov, 1986) derived the threshold intensity for LIFT transitions:
Based on their well-explained theoretical considerations and the experiments reviewed in the reference, Tabyrian et al. reported a typical threshold optical power density of 300 Wcm − for LIFT in a nematic LC.
Photovoltaic elds at the surfaces of eld generating substrates with an in-plane c-axis have so far only been calculated via numerical simulations (Gazzeto et al., 2016 , Arregui et al. 2014 . It was shown (Gazzeto et al., 2016 ) that these surface near elds at the surfaces of x-cut Fe:LiNbO can easily reach eld strength of 0 V/m (in these simulations, the internal electric eld inside the substrates was set to 10 V/m). Such eld strength of surface near elds are of course high enough to result LC realignments and it would be desirable to investigate the coupling of the photo generated elds and the LC director, numerically.
The experiments revealed that pronounced, eld induced realignments of the LC director and eld induced defect creation occurred in the studied samples at normal incidence and at optical power densities > 140 W/cm (comparable to the power density required for GON experiments) but led to even higher responses (creation of line defects) than would be possible in LIFT experiments. In conclusion, light induced responses were studied in hybridized LC test cells with x-cut photovoltaic substrates via imaging. From the recorded patterns it could be revealed, a defect structure was created upon exposure. The LC was locally fully realigned from the vertical alignment in the initial state to uniform, parallel alignment near the exposure spot center. Two coupled point defects were seen. One can speculate that the separation of these point defects corresponds to the light induced separation of the poles of the charge carrier separation in the substrates. The point defects were interconnected by a line defect (vertical director alignment in a narrow line). The LC realignment was expanded and led to transmissive states. These states were brighter than the background of the ver- tically aligned cell. The results are interesting since light induced defects with positive topological charge are useful in experiments were LCs are exploited to enhance the effectivity of optical tweezers for particle manipulation. The threshold optical power density (140 W/cm ) seen in the hybridized samples was lower than would be required in LIFT experiments and led to much higher responses than usually observed in both LIFT and GON experiments in non-hybridized samples of a neat, nematic LC. 
